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ABSTRACT
We present our observational results of the 0.87 mm polarized dust emission in the Class 0 protostar B335
obtained with the Atacama Large Millimeter/submillimeter Array (ALMA) at a 0.′′2 (20 au) resolution. We
compared our data at 0.87 mm with those at 1.3 mm from the ALMA archive. The observed polarization
orientations at the two wavelengths are consistent within the uncertainty, and the polarization percentages are
systematically higher at 1.3 mm than 0.87 mm by a factor of ∼1.7, suggesting that the polarized emission
originates from magnetically aligned dust grains. We inferred the magnetic field orientations from the observed
polarization orientations. We found that the magnetic field changes from ordered and highly pinched to more
complicated and asymmetric structures within the inner 100 au scale of B335, and the magnetic field connects
to the center along the equatorial plane as well as along the directions which are ∼40◦–60◦ from the equatorial
plane. We performed non-ideal MHD simulations of collapsing dense cores. We found that similar magnetic
field structures appear in our simulations of dense cores with the magnetic field and rotational axis slightly
misaligned by 15◦ but not in those with the aligned magnetic field and rotational axis. Our results suggest
that the midplane of the inner envelope within the inner 100 au scale of B335 could be warped because of the
misaligned magnetic field and rotational axis, and the magnetic field could be dragged by the warped accretion
flows.
Keywords: Stars: formation — ISM: kinematics and dynamics — ISM: individual objects (B335) — ISM:
magnetic fields
1. INTRODUCTION
Knowing the relative importance of gravitational, rota-
tional, turbulent, and magnetic energies is essential to un-
derstand the process of star formation, as all of these effects
shape structures and affect disk formation in protostellar
sources (McKee, & Ostriker 2007; Li et al. 2014a). Theo-
retical studies show that if the magnetic field and rotational
axis of a dense core are aligned, magnetic braking is very
efficient during the collapse in the ideal magnetohydrody-
namic (MHD) condition (Galli et al. 2006; Allen et al. 2003;
Mellon & Li 2008). As a consequence, the disk formation
and growth are suppressed, and Keplerian disks with sizes
larger than 10 au unlikely form around protostars. When
other mechanisms are incorporated, such as the non-ideal
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MHD effects, misaligned magnetic field and rotational axes
in dense cores, or turbulence, the efficiency of magnetic brak-
ing is reduced, and a large Keplerian disk with a size of tens
of au can form around a protostar in numerical simulations
(Dapp et al. 2012; Joos et al. 2012, 2013; Santos-Lima et al.
2012; Seifried et al. 2013; Li et al. 2013; Krumholz et al.
2013; Tsukamoto et al. 2015, 2017; Zhao et al. 2016, 2018;
Masson et al. 2016; Matsumoto et al. 2017; Wurster et al.
2019; Wurster, & Bate 2019). Keplerian disks with sizes of
tens of au have been observed around several young proto-
stars (Murillo et al. 2013; Lee et al. 2014, 2018; Sakai et al.
2014; Yen et al. 2017). However, it remains unclear as to
which mechanisms play more important roles to regulate the
disk formation and growth in protostellar sources.
B335 is an isolated Bok globule with an embedded
Class 0 protostar at a distance of 100 pc (Keene et al.
1980, 1983; Stutz et al. 2008; Olofsson & Olofsson 2009).
B335 is slowly rotating (Saito et al. 1999; Yen et al. 2011;
Kurono et al. 2013), and is associated with a 0.1 pc bipo-
2lar molecular outflow as well as several Herbig Haro ob-
jects along the east–west direction (Hirano et al. 1988;
Gålfalk & Olofsson 2007). The infalling motion has been ob-
served on scales from 3000 au to 10 au in B335 (Zhou et al.
1993; Zhou 1995; Choi et al. 1995; Evans et al. 2005, 2015;
Saito et al. 1999; Yen et al. 2010, 2011, 2015; Kurono et al.
2013; Imai et al. 2019; Bjerkeli et al. 2019). On the other
hand, the rotational motion in the protostellar envelope on
scales from 1000 au to 10 au in B335 has been found to be
slow (Yen et al. 2010, 2015; Imai et al. 2019; Bjerkeli et al.
2019), and no clear sign of Keplerian rotation is observed
even on a 10 au scale (Bjerkeli et al. 2019). The James Clerk
Maxwell Telescope (JCMT) and Atacama Large Millime-
ter/submillimeter Array (ALMA) polarimetric observations
show that the magnetic field is along the east–west direc-
tion, and it is ordered and highly pinched on a 1000 au scale
(Maury et al. 2018; Yen et al. 2019). These results suggest
that the magnetic field likely plays an important role in the
dynamics in B335. On the other hand, the presence of the jets
and outflows in B335 could hint at the existence of a circum-
stellar disk (e.g., Blandford & Payne 1982). In addition, a
compact continuum component with a size of ∼6 au oriented
perpendicular to the outflow direction as well as velocity
gradients due to the rotational motion on a similar scale have
been observed with ALMA (Imai et al. 2019; Bjerkeli et al.
2019). Thus, a small disk with a size of a few au likely has
formed in B335. Therefore, B335 is an excellent target to
study the disk formation under the influence of a dynamically
important magnetic field.
To observationally investigate the effects of the magnetic
field on the disk formation in B335, we conducted ALMA
polarimetric observations at an angular resolution of 0.′′2 (20
au) to probe the magnetic field structures on a scale close
to the disk forming region. In the present paper, we describe
the details of our observations in Section 2, and introduce our
observational results in Section 3. In addition, we compare
our polarization data at 0.87 mm with those at 1.3 mm re-
trieved from the ALMA archive. In Section 4, we present the
results from our non-ideal MHD simulations for B335, and
discuss the observed magnetic field structures in comparison
with the simulations. Lastly, in Section 5 we summarize the
possible effects of turbulence as well as the misalignment be-
tween the magnetic field and rotational axis on the magnetic
field structures in B335.
2. OBSERVATIONS
The polarimetric observations with ALMA at 0.87 mm to-
ward B335 were conducted during 2016 to 2018, consisting
of 13 successful executions (project code: 2015.1.01018.S).
In the observations, 40 to 47 antennae were used in the
configurations with baseline lengths ranging from 15 m to
1400 m. The pointing center was α(J2000) = 19h37d00.s89,
δ(J2000) = +7◦34′09.′′6. The on-source integration time
was 7.4 hours. The observations were conducted with the
full polarization mode and at the frequency ranges of 335.5–
339.5 GHz and 347.5–351.5 GHz with a total bandwidth of
8 GHz. In these observations, J1751−0939 was observed
as the bandpass calibrator, J1938+0448 or J1935+2021 as
the gain calibrators, and J1924−2914 or J2000−1748 for po-
larization calibration. The flux calibration was performed
with the observations of quasars or the asteroid, Pallas. The
data were manually calibrated by the EA ARC node us-
ing the Common Astronomy Software Applications (CASA)
of the version 5.1.1 (McMullin et al. 2007). We addition-
ally performed self-calibration of the phase using the Stokes
I data. Then the calibrated visibility data were Fourier-
transformed with the Briggs weighting with a robust param-
eter of +0.5 to generate Stokes IQU images, and the images
were cleaned using the CASA task tclean. The achieved
synthesized beam is 0.′′19 × 0.′′17. The noise level in the
Stokes I image is 40 µJy beam−1, and it is 9 µJy beam−1
in the Stokes Q and U images. When we generated the po-
larized intensity (Ip) map, we debiased the polarized inten-
sity (Ip) with Ip =
√
Q2 + U2 − σQ,U2, where σQ,U is the
noise level in Stokes Q and U (Wardle & Kronberg 1974;
Simmons & Stewart 1985). To extract polarization detec-
tions, we first binned up the Stokes IQU and Ip maps to have
a pixel size of 0.′′1, which is approximately half of the beam
size, and computed polarization orientations and fractions.
Thus, the minimal separation between two polarization de-
tections is 0.′′1. The Stokes I and Ip maps with their original
pixel size of 0.′′02 are presented below. The polarization de-
tections are extracted when the signal-to-noise ratios (S/N)
of both Stokes I and Ip are larger than three, and thus the ex-
pected uncertainties in the polarization orientations are .9◦.
3. RESULTS
In the 0.87 mm continuum map obtained with our ALMA
observations, there is a compact continuum source at the
center with a peak position of α(J2000) = 19h37d00.s9,
δ(J2000) = +7◦34′09.′′5 (Fig. 1a). This peak position is con-
sistent with the one measured at 1.3 mm at a higher angular
resolution of 0.′′03 (Bjerkeli et al. 2019). The apparent size
of this compact continuum source in our observations is 0.′′2
(20 au). Thus, it is only marginally resolved, and we could
not constrain its orientation. The peak brightness tempera-
ture is measured to be 30 K, which is more than a factor of
two lower than the dust temperature of 67 K at a radius of 25
au estimated by modeling molecular-line and continuum data
and the spectral energy distribution of B335 (Shirley et al.
2011; Evans et al. 2015). Therefore, the continuum emission
detected with our observations is most likely optically thin.
The compact source is embedded in a flattened structure
with an apparent size of ∼2′′ and a position angle (PA) of its
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Figure 1. (a) 0.87 mm continuum map (contours) overlaid on the polarized intensity map (color) obtained with our ALMA observations. The
polarized intensity map is in units of mJy Beam−1. The contour levels are from 5σ in steps of a factor of two, where 1σ is 40 µJy Beam−1.
(b) Magnetic field orientations (orange segments) inferred by rotating the polarization orientations by 90◦. The contours show the Stokes I
intensity, identical to panel (a). The length of all the segments is the same. The minimal separation between two segments is half of the beam
size. The zero offset refers to the pointing center (19h37d00.s89 + 7◦34′09.′′6). The filled ellipses at the bottom right corners present the size of
the synthesized beam.
major axis of 17◦. On a larger scale of ∼4′′ (400 au), the con-
tinuum emission shows a bent structure, and its distribution
is along the outflow cavity wall. In addition, the continuum
emission on the 400 au scale in B335 lies primarily beyond
the edge of the outflow traced by the CO (2–1) emission, as
seen in Fig. 5 in Bjerkeli et al. (2019). The overall structures
in the continuum emission in our observations are consistent
with the previous results obtained with ALMA at 1.3 mm
and angular resolutions of 0.′′03 to 0.′′8 (e.g., Yen et al. 2015;
Imai et al. 2016; Maury et al. 2018; Bjerkeli et al. 2019).
The polarized continuum emission at 0.89 mm is primar-
ily detected along the outflow cavity and around the central
compact continuum source. The polarized intensity is high-
est in the south and north close to the Stokes I intensity peak
but becomes lower at the peak (Fig. 1a). As discussed in
Maury et al. (2018), more polarized continuum emission de-
tected along the outflow cavity wall could be due to more ef-
ficient dust grain alignment caused by stronger illumination
from the central star in the outflow cavity (Lazarian & Hoang
2007). Similar enhancements in polarized continuum emis-
sion along outflow cavity walls have also been observed
in other protostellar sources (e.g., Hull et al. 2017b, 2019;
Le Gouellec et al. 2019). The orientations of the polariza-
tion detections are rotated by 90◦, displaying the orienta-
tions of the magnetic field (Fig. 1b). As discussed in Sec-
tion 4, the detected polarized emission is unlikely induced
by dust scattering based on the measured polarization frac-
tions (Kataoka et al. 2015; Yang et al. 2016, 2017). Themag-
netic field orientations on a 400 au scale are primarily along
the outflow cavity wall. There is a northern patch of detec-
tions with orientations more along the north–south direction.
These features on a scale larger than 100 au are consistent
with those observed at 1.3 mm with ALMA at an angular
resolution of 0.′′8 (Maury et al. 2018; Yen et al. 2019).
With a three times higher resolution, our observations re-
veal the magnetic field structures significantly closer to the
central source than was possible with the previous, lower-
resolution observations (Maury et al. 2018; Yen et al. 2019).
In the present paper, we focus on the features on a small
scale within radii of 0.′′5–1′′ (50–100 au). The magnetic field
structures on a larger scale in B335 have been discussed in
detail in Maury et al. (2018) and Yen et al. (2019). Figure
2 presents the magnetic field orientations in the central 2′′
(200 au) region. At offsets of ∼0.′′5–1′′ in the north, the de-
tected magnetic field orientations are along the wall of the
outflow cavity. In the inner northern region at offsets of ∼0–
0.′′5, the magnetic field is along the northwest–southeast di-
rection with PA of 130◦–150◦. Here, the magnetic field seg-
ments appear to connect to the continuum peak, with a few
segments also along the north–south direction with PA of
0◦–10◦. In the south, the magnetic field is primarily along
the north–south direction, and the magnetic field becomes
more tilted from the north–south direction by 20◦–30◦at outer
radii of ∼0.′′5–1′′. In addition, there are a few magnetic field
segments along the northwest–southeast direction detected at
∼0.′′4 southeast from the continuum peak. In the east, at RA
4Figure 2. Same as Fig. 1 (b) but zooming in on the central 2′′ × 2′′
region.
offsets of 0.′′6–1′′, there is a patch of segments with their PA
gradually changing from 10◦ to 60◦ toward the center.
For comparison, we retrieved the polarization maps at
1.3 mm obtained with ALMA (Maury et al. 2018; Yen et al.
2019). We convolved our polarization maps at 0.87 mm to
have the same beam size as those at 1.3 mm and extracted
polarization detections with the same procedure and criteria
as those in Yen et al. (2019). Then we compared the polar-
ization orientations and percentages at 0.87 mm and 1.3 mm
at the same positions. Figure 3 presents the comparison of
the inferred magnetic field orientations and measured polar-
ization percentages at 0.87 mm and 1.3 mm. The magnetic
field orientations inferred from the polarization data at 0.87
mm and 1.3 mm are consistent within the uncertainties. The
mean difference in the orientations at the two wavelengths is
5◦ with a standard deviation of 4◦. More than 90% of the po-
larization detections show higher polarization percentages at
1.3 mm than at 0.87 mm. On average, the polarization per-
centages at 1.3 mm are a factor of 1.7 higher. We note that the
polarization percentages at both wavelengths increase with
increasing radii, and the percentages at 0.87 mm are system-
atically lower than those at 1.3 mm at all radii (Fig. 3c).
4. DISCUSSION
4.1. Origins of the polarized continuum emission
With the ALMA polarization data at 0.87 mm and 1.3
mm, we found higher polarization percentages at the longer
wavelength. This is the opposite of the expected trend
for the scattering-induced polarization by dust grains with
sizes up to ∼100 µm, where the scattering cross-section
drops steeply with wavelength as λ−4 (Kataoka et al. 2015;
Yang et al. 2016), unless the region is optically thick. In ad-
dition, the observed polarization fraction is higher than typ-
ically predicted by scattering models. In B335, the contin-
uum emission on the scale which we observe is optically thin
(Section 3). Thus, the polarized continuum emission down
to a 20 au scale in B335 most likely originates from magneti-
cally aligned grains. Therefore, the magnetic field structures
in B335 can be inferred by rotating the observed polarization
orientations by 90◦.
The polarization percentages as a function of wave-
length could depend on the compositions and sizes of dust
grains (e.g., Bethell et al. 2007; Draine & Fraisse 2009;
Ashton et al. 2018; Valdivia et al. 2019). Among a few dust
models that reproduce the spectral energy distributions and
extinction curve of the interstellar medium (ISM), the one
with spheroidal silicate and spherical carbon grains shows
increasing polarization percentages from submillimeter to
millimeter wavelengths (Draine & Fraisse 2009), similar to
the trend observed in B335. Nevertheless, the properties of
dust grains and the environments, such as grain sizes and
radiation fields, are expected to be different in the ISM and
dense cores (Bethell et al. 2007; Ashton et al. 2018). Conse-
quently, ISM dust models might not be directly applicable to
B335.
More specifically, Valdivia et al. (2019) computed po-
larized radiative transfer in typical protostellar envelopes
with the radiative torque theory (Lazarian & Hoang 2007)
and dust size distributions similar to the Mathis-Rumpl-
Nordsieck (MRN) distribution (Mathis et al. 1977). They
further studied the dependences of the polarization percent-
ages at 0.8 mm and 1.3 mm on the maximum grain sizes.
They found that the presence of dust grains with sizes larger
than 10 µm in protostellar envelopes on a scale of a few
hundred au is needed to explain the observed polarized per-
centages of a few to more than 10% in protostellar sources.
In addition, in their model calculations with maximum grain
sizes of 30–50 µm in protostellar envelopes, the polarization
percentages on a scale of a few hundred au are higher at 1.3
mm than at 0.8 mm. These trends are consistent with our
observational results of B335. Thus, our results may hint at
the presence of large dust grains with sizes of a few tens of
µm on a 100 au scale in B335.
4.2. Magnetic field structures
The previous JCMT and ALMA polarimetric observations
(Maury et al. 2018; Yen et al. 2019) show that the magnetic
field structures in B335 are ordered and along the outflow
(east–west) direction on the scale of the natal dense core of
6000 au, and then become highly pinched on the scale of the
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Figure 3. Comparison of (a) the magnetic field orientations and (b) the polarization percentages inferred from the polarization data at 0.87 mm
and 1.3 mm. The data were convolved to the same beam size. The dotted lines in the panel (a) show the difference of ±10◦. (c) presents the
polarization percentages at 0.87 mm (orange) and 1.3 mm (black) as a function of projected radius with respect to the continuum peak. Orange
solid and black dashed curves show the running means in radial bins of 0.′′2.
infalling envelope of 1000 au. In addition, close to the center,
the magnetic field orientations are almost along the north–
south direction, which is the direction of the disk midplane.
These observed magnetic field structures can be explained
with non-ideal MHD simulations of a collapsing dense core
with a weak magnetic field of mass-to-flux ratios of ∼6–10
aligned with the rotational axis (Maury et al. 2018; Yen et al.
2019).
With our observations at higher angular resolutions, the
magnetic field along the north–south direction is detected
within a 100 au scale north and south to the center. In ad-
dition to these field lines along the direction of the disk mid-
plane, there are also magnetic field lines tilted with respect to
the midplane in the 100 au region around the central compact
source (Fig. 2). Our observations also show that the orienta-
tion of its surrounding flattened envelope on a 100 au scale is
not aligned with the disk midplane but is tilted eastwards by
∼20◦ (Fig. 2). Such more complicated magnetic field struc-
tures around the central disk and the different orientations
between the flattened envelope and the disk are not expected
in the non-turbulent simulations of a collapsing dense core
with a magnetic field and rotational axis that are aligned (e.g.,
Li et al. 2014b; Masson et al. 2016; Tsukamoto et al. 2017;
Zhao et al. 2018; Machida, & Basu 2019).
4.2.1. Simulation with the aligned magnetic field and rotational
axis
We have compared the magnetic field structures detected
with our ALMA observations with those in the non-ideal
MHD simulation of a collapsing dense core with the aligned
magnetic field and rotational axis. The synthetic IQU
maps of the simulation results were obtained from Yen et al.
(2019). Among the three non-ideal MHD effects, the simu-
lation only includes ambipolar diffusion, which is the most
dominant non-ideal MHD effect in protostellar envelopes on
a scale of hundreds of au (Zhao et al. 2018). In this simula-
tion, the dense core has the samemass and angular velocity as
the observational estimates of B335, and an initial mass-to-
flux ratio of 9.6. A cosmic ray ionization rate of 5×10−17 was
adopted. The simulation was stopped when the central stellar
mass reached 0.1 M⊙. At the end of our simulation, the disk
size was <10 au. These stellar mass and disk size are com-
parable to the observational estimates of B335 (Evans et al.
2015; Yen et al. 2015; Bjerkeli et al. 2019; Imai et al. 2019).
The synthetic IQU maps were generated using the radiative
transfer code, Simulation Package for Astronomical Radia-
tive Xfer (SPARX; https://sparx.tiara.sinica.edu.tw/), on the
assumption of a constant polarization efficiency meaning
that the polarized intensity is simply proportional to the col-
umn density. The details of the simulation are described in
Yen et al. (2019). This simulation can explain observedmag-
netic field structures on a few hundred au to 6000 au scales in
B335. We then synthetically observed the Stokes IQU maps
output by SPARX using the CASA simulator. The resulting
simulated maps are presented in Fig. 4 (a)–(c).
In the simulation with the aligned magnetic field and rota-
tional axis, the Stokes I intensity from large to small scale is
all elongated along the direction of the disk midplane, which
is the north–south direction (Fig. 4b). The magnetic field in-
ferred from the synthetic polarization maps is perpendicular
to the disk midplane within 0.′′2 in the north and south of the
intensity peak. Then, it becomes almost parallel to the disk
midplane at outer radii in the north and the south (Fig. 4b).
Thus, this simulation can explain the magnetic field orienta-
tions parallel to the disk midplane observed in the north and
the south on a 100 au scale in B335. Especially, it reproduces
most of the observed magnetic field orientations in the south
(Fig. 4c). However, the magnetic field near the intensity peak
in the synthetic maps is not along the northwest–southeast
direction, which is different from the observations. Thus,
the observed magnetic field structures within a 100 au scale
cannot be fully explained with the simulation of a collaps-
ing dense core with the aligned magnetic field and rotational
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Figure 4. (a) Density (color; in units of g cm−3) and magnetic field lines (white lines) in our non-ideal MHD simulation of a collapsing dense
core with the aligned magnetic field and rotational axis. The outflow direction is along the vertical direction. (b) Synthetic ALMA observational
results of our simulation in (a). The synthetic observations are rotated to have an inclination angle of 80◦ and an outflow direction along the
east–west direction, the same as in B335. The contours show the distribution of the Stokes I intensity, and the segments show the magnetic field
orientations inferred by rotating the polarization orientations by 90◦. (c) Comparison of the observed (orange) and model (blue) magnetic field
orientations. The blue segments are the same as those in (b). Panels (d)–(f) are the same as (a)–(c) but for our simulation of a collapsing dense
core with its magnetic field misaligned with the rotational axis by 15◦. The outflow direction is also along the vertical direction in (d). In (a) and
(d), the magnetic field lines were plotted using iso-magnetic flux contours as approximation, and the dashed contours near the polar axis denote
the regions with negative magnetic fluxes, where the structures of the magnetic field lines cannot be properly evaluated in two-dimensional
plots.
axis, although this simulation was able to explain the pinched
magnetic field observed on scales from 6000 au down to a
few hundred au (Fig. 6 upper; Yen et al. 2019).
4.2.2. Simulation with the misaligned magnetic field and
rotational axis
On the contrary, in simulations of a collapsing dense core
with the misaligned magnetic field and rotational axis or with
turbulence, the magnetic field structures tend to become ir-
regular, different from a simple hourglass shape (e.g., Li et al.
2014b; Seifried et al. 2015; Masson et al. 2016; Hull et al.
2017a; Tsukamoto et al. 2017; Wurster et al. 2019). Thus,
we additionally performed non-ideal MHD simulations of a
collapsing dense core with its magnetic field misaligned with
its rotational axis by 15◦. The mass, angular velocity, and
initial mass-to-flux ratio of the dense core are the same as
those in our simulation with the aligned magnetic field and
rotational axis. Due to the slight misalignment, the disk is
easier to grow in size compared to the simulation without
the misalignment. Thus, in this simulation with the mis-
alignment, the cosmic-ray ionization rate was increased to
be 1 × 10−16 s−1, which enhances the coupling between the
magnetic field and the matter, and the disk size was also sup-
pressed to be <10 au to match the observational constraint of
the disk size in B335. The simulation was stopped at a sim-
ilar evolutionary time when the central stellar mass reached
70.1 M⊙. Thus, the only differences between the initial condi-
tions of these two simulations are the cosmic-ray ionization
rates and the angles between the magnetic field and rotational
axis. Finally, we produced synthetic observations using the
CASA simulator in the same manner as for the simulations
with the aligned magnetic field and rotation axis.
The synthetic maps from our simulation with the mis-
aligned magnetic field and rotational axis are presented in
Fig. 4(d)–(f). Because the rotational axis and magnetic field
are misaligned, the flattened envelope becomes warped on
the small scale of 100 au (Fig. 4d), where the rotational en-
ergy becomes also important compared to the gravitational
and magnetic energy. As a result, the elongations of the
Stokes I intensity distributions in the synthetic map change
from large to small scales (Fig. 4e). The magnetic field is
dragged by the accretion flows along the warped envelope,
resulting in more complicated magnetic field structures. We
note that this simulation with the misalignment has a higher
cosmic ray ionization rate. In the simulations, the magnetic
field structures are shaped by the gas motions. Increasing
the cosmic ray ionization rate does not directly affect the
magnetic field structures but only strengthens the coupling
between the gas motions and the magnetic field (Yen et al.
2019). Thus, the complicated magnetic field structures seen
in this simulation is due to the changes in the gas motion
caused by the misalignment.
In the synthetic map, the magnetic field is parallel to the
disk plane at the intensity peak and is along the northwest–
southeast direction within 0.′′5 around the intensity peak.
Then, the magnetic field becomes more aligned along the
north–south direction in the outer regions (Fig. 4e). These
features are similar to what is observed on a 100 au scale
in B335, although the regions showing the magnetic field
along the northwest–southeast direction extend further away
from the disk midplane in the observations compared to our
simulation. Outside the central 100 au region, the magnetic
field structures in the synthetic maps of the simulations with
and without misalignment are similar (Fig. 4b & e). Thus,
our new simulation with the misalignment can also explain
the magnetic field structures in the protostellar envelope on a
scale of a few hundred au in B335 detected with the previous
ALMA observations at a lower spatial resolution of 70–80 au
(Maury et al. 2018; Yen et al. 2019).
4.2.3. Comparison between the aligned and misaligned cases
In Figure 5, we present the number distributions of the an-
gle difference of the magnetic field orientations in the cen-
tral 100 au region extracted from the observed and synthetic
polarization data. The number of the model segments with
their orientations consistent with the observations within 30◦
increases by 50%, when we include the misalignment in our
simulations. Thus, the simulation with the misalignment can
Misaligned model
Aligned model
Figure 5. Number distributions of angle difference between ob-
served and model magnetic field orientations in the central 100 au
region. Red solid and blue dashed histograms show the cases for the
simulations with the magnetic field misaligned and aligned with the
rotational axis, respectively.
explain the observed magnetic field orientations better than
the simulation without the misalignment.
We have also compared the magnetic field structures on
the large scale in this simulation with those observed with
JCMT (Yen et al. 2019). The degree of the misalignment be-
tween the magnetic field and rotational axis in the initial core
in our simulation is only 15◦ in the three-dimensional space.
Thus, after projection on the plane of the sky, the simula-
tion with the misalignment (Fig. 6 lower panel) can repro-
duce the observed magnetic field orientations on the 6000
au scale in B335 similar to the simulation with the aligned
magnetic field and rotation axis (Fig. 6 upper panel). Hence,
the critical difference between the aligned and the misaligned
cases only manifests itself in the inner 100 au region.
We note that the intensity distribution is elongated along
the northeast–southwest direction on a 1′′ scale and then be-
comes along the northwest–southeast direction on a 0.′′5 scale
in our synthetic Stokes I map of the simulation with the mis-
alignment (Fig. 4e). This change in the intensity distribu-
tion is not fully consistent with the observations. The ob-
served intensity distribution is elongated along the northeast–
southwest direction on a 1′′ scale, and then transitions into a
roundish morphology on a 0.′′5 scale. Our simulations were
performed with the barotropic approximation, which could
underestimate the temperature in the inner region of tens of
au compared to radiative MHD simulations (Tomida et al.
2010). Consequently, the material could be more concen-
trated in the midplane in our simulations than in reality. Be-
cause the Stokes I intensity distribution is sensitive to the
density distribution, this effect could make the warped struc-
tures more evident in our synthetic intensity map, compared
to the observations. On the contrary, the orientations of the
8Aligned
Misaligned
Figure 6. Comparison of the magnetic field orientations observed
with JCMT (orange segments) and those from our non-ideal MHD
simulations (blue segments) of collapsing dense cores with the mag-
netic field aligned (upper panel) and misaligned (lower panel) with
the rotational axes. The contours show the Stokes Imap of B335 ob-
tained with JCMT. The JCMT polarimetric data were retrieved from
Yen et al. (2019) and were reduced again with the updated software
and procedure. The S/Nwere improved with the new data reduction,
and we obtained more detections than Yen et al. (2019).
magnetic field lines are more sensitive to the directions of the
gas flows.
In addition, a constant polarization efficiency was adopted
in our radiative transfer calculations, so our synthetic polar-
ization maps primarily trace the magnetic field in the enve-
lope. Thus, there are no magnetic field orientations along
the outflow cavity wall detected in our synthetic maps, while
such detections are seen in the northeast in the observed
maps (Fig. 2). We also note that the magnetic field struc-
tures and density distributions in our simulations (even for
the misaligned case) are more or less axisymmetric. Thus,
the toroidal components of the magnetic field along the line
of slight may be canceled out in our radiative transfer cal-
culations, causing our synthetic polarization maps to show
axisymmetric patterns (Fig. 4 and 6). However, the obser-
vations show the magnetic field orientations are different in
the north and the south of the center in B335, which is not
seen in our synthetic maps and could suggest the presence of
asymmetric structures in the magnetic field or the density dis-
tributions along the line of slight. This observed asymmetry
is often seen in numerical simulations with turbulence (e.g.,
Li et al. 2014b; Masson et al. 2016; Matsumoto et al. 2017;
Wurster et al. 2019). Thus, in addition to seeing magnetic
field perturbations caused by the misalignment of the mag-
netic field and the rotation axis, we may also be seeing the
effect of gravo-turbulence in B335, which could cause asym-
metries that become more evident on small scales as the core
collapses.
Besides B335, ordered magnetic fields in a pinched hour-
glass shape have been observed on a 1000 au scale in several
protostellar sources (Girart et al. 2006; Stephens et al. 2013;
Rao et al. 2014; Cox et al. 2018; Sadavoy et al. 2018a, 2019;
Kwon et al. 2019; Ko et al. 2019). These results hint at an
important role of the magnetic field in the dynamics in these
protostellar sources. On the other hand, there are also proto-
stellar sources showing disordered magnetic field structures
on a 1000 au scale, which can be explained better with simu-
lations with turbulence (Hull et al. 2017a,b; Cox et al. 2018;
Sadavoy et al. 2018b, 2019). Our observations together with
the previous JCMT and ALMA observations show that the
magnetic field from large to small scales changes from the
ordered pinched structures to more complicated and asym-
metric structures in B335. A similar trend has also been
seen in other protostellar sources, such as IRAS 16293−2422
(Rao et al. 2014; Sadavoy et al. 2018b). These results sug-
gest that the relative importance among magnetic field, rota-
tion, and turbulence changes as a function of scale. Further-
more, it seems that the influence of rotation and turbulence,
which are passed down from larger scales and enhanced by
gravitational collapse, may become more significant in the
inner envelopes around protostellar disks.
5. SUMMARY
We present our observational results of the polarized 0.87
mm continuum emission at an 0.′′2 resolution in B335 ob-
tained with ALMA. We compare our results with those from
the ALMA polarimetric observations at 1.3 mm with an 0.′′8
resolution as well as with the synthetic maps generated from
our non-ideal MHD simulations of collapsing dense cores.
The main results are summarized below.
91. The polarization orientations at 0.87 mm and 1.3 mm
are consistent within the uncertainties. The polariza-
tion percentage is higher at 1.3 mm than 0.87 mm
on scales from 1000 au down to tens of au in B335,
suggesting that the polarized emission originates from
magnetically aligned dust grains. In addition, the
peak brightness temperature of the 0.87 mm contin-
uum emission on a 20 au scale is 30 K, more than a
factor of two lower than the expected dust tempera-
ture. Thus, the 0.87 mm continuum emission is most
likely optically thin down to a 20 au scale in B335,
and the observed polarization orientations can be ro-
tated by 90◦ to infer the magnetic field orientations.
2. Our observations show that the magnetic field struc-
tures in B335 change from an ordered pinched mor-
phology on a 1000 au scale to more complicated struc-
tures on a 100 au scale. Within a 100 au scale, in ad-
dition to the magnetic field along the equatorial plane
in the north and the south to the center, there are also
magnetic field lines along the northwest–southeast di-
rection that are connected to the central disk-forming
region.
3. We have performed non-ideal MHD simulations
of collapsing dense cores with their magnetic field
aligned and misaligned with their rotational axes, and
generated synthetic polarization maps to compare with
the observations. The simulation with the alignedmag-
netic field and rotational axis can explain the observed
magnetic field orientations along the equatorial plane
on a 100 au scale, but cannot explain those along the
northwest–southeast direction connecting the central
disk-forming region. On the contrary, the simula-
tion with the misaligned magnetic field and rotational
axis can reproduce both the magnetic field orientations
along the equatorial plane and the northwest–southeast
direction observed on a 100 au scale in B355. The mis-
alignment is 15◦ in our simulation, which is relatively
small, and thus, this simulation can also explain the ob-
served magnetic field orientations on a 6000 au scale
with JCMT.
4. Our results suggest that the magnetic field and rota-
tional axis in B335 are likely slightly misaligned. In
addition, the observed different magnetic field orienta-
tions in the north and south on a scale within tens of au,
which is not seen in our simulation with the misaligned
magnetic field and rotation axis, could hint at the con-
tribution of gravo-turbulence in B335. Therefore, our
observational results suggest that the relative impor-
tance between magnetic field, rotation, and turbulence
changes as a function of scale in protostellar sources.
On the small scale around the disk-forming region in
B335, the rotational energy and influence by turbu-
lence become more significant, and thus, the protostel-
lar envelope is warped. The magnetic field lines could
be dragged by the accretion flows along the warped en-
velope, resulting in more complicated and asymmetric
structures.
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